The "defects" of the Goldstone boson exchange model for the baryons, indicated by Isgur [1] are examined in detail. All of the purported "defects" are shown to lack a valid basis. 0
Introduction
Isgur's recent "critique" [1] of the Goldstone boson exchange (GBE) model [2, 3] for the baryon spectra might best have been passed over without comment. Given Isgur's "silence is consent" and an increasing pressure from the community, a rebuttal has become unavoidable. In this rebuttal the structure of the Isgur's paper [1] will be adhered to and his "catalogue of criticisms" will be examined. An updated version of the GBE model for the baryon spectrum is available in ref. [4] .
In his introduction Isgur [1] doubts in the superiority of the GBE model in addressing the problem of the spectral ordering in light and strange baryons, arguing that the Coulomb component of the one gluon exchange (OGE) interaction naturally leads the positive parity state N (1440) to be the lowest one among positive parity N = 2 band.
The problem is not, however, that a strong color Coulomb interaction shifts the Roper state slightly down. Even under the assumption of only a Coulomb interaction between quarks and without any confining force at all, the positive parity state N (1440) only becomes degenerate with the negative parity multiplet N (1535) − N (1520). Experimentally, however, the N(1440) lies ∼ 100 MeV below the negative parity multiplet. A model with no confining interaction, that relies exclusively on the Coulomb part of OGE, fails with respect to all other low-lying baryons. Such a model cannot provide the required 500 MeV gap between the ground state baryons and the first negative parity excitation band. As soon as a confining interaction is added, irrespective of whether harmonic, linear or some other monotonic functional form, the Roper resonance falls ∼ 100 − 300 MeV above the negative parity multiplet, a result which is well known from many exact 3-body calculations, see e.g. [5, 6, 7] , including those of Isgur's [8] . 1 While it is definitely established that the OGE + con- 1 One should not consider seriously Isgur's papers with Karl [9] , where the positive and finement model (in the following I will refer all models of such type as OGE model) cannot explain the relative position of N (1440) and N (1535)−N (1520) states nor the relative position of the positive parity N = 2 state ∆(1600) and the N = 1 negative parity pair ∆(1620) − ∆(1700) for reasons of principle 2 , the key issue another one. This issue is the opposite level ordering in the spectra of nucleon and Λ-hyperon. In the former case the ordering is +, +, − (N , N (1440), N (1535) − N (1520)), while in the latter one it is +, −, + (Λ, Λ(1405) − Λ(1520), Λ(1600)). Even if one, by a wild stretch of imagination, assumes that somehow the gluon exchange could shift the N (1440) below the negative parity pair, the question immediately arises of why the ordering is just opposite in the Λ spectrum? The only difference between N and Λ systems is that one light valence quark in the nucleon is substituted by a strange one in Λ. Gluon exchange does not distinguish between the u, d or s-quarks as it depends only to color and spin degrees of freedom. Beyond the SU(3) limit there appears only a very weak flavor dependence through the slightly different constituent masses of quarks. It follows that it is impossible to explain within the perturbative gluon exchange picture why the spectra above are just opposite. These spectra obviously point to explicit flavor dependence in the underlying dynamics. The GBE force, which is explicitly flavor dependent, very naturally explains this as well as several other apparent puzzles.
But in a sense more important is the conceptional inadequacy of the simplistic OGE model. This model invokes constituent quarks as particles with constant mass without any attempt to understand an essense of these objects, which is very different from that of the light current quarks of QCD. Indeed, the large constituent quark negative parity states are treated separately in different papers, where a very big strong coupling constant -more than one -is needed to fit the N − ∆ mass splitting, which is incompatible with the perturbative treatment of QCD, and where a huge anharmonic "correction" is introduced by hands in order to cure the positive parity states. 2 In the latter case a situation is even more dramatic as the color-magnetic interaction shifts the ∆(1600) state up, but not down, with respect to the negative parity pair. mass, by itself implies that the underlying chiral symmetry of QCD is spontaneously broken. If so, there must appear at the same time Goldstone bosons which should couple to constituent quarks [10, 11] . The OGE model completely ignores this most important implication of the chiral symmetry of QCD.
"The Spin-Orbit Problem is not Solved"
Here the argument made by Isgur is as follows. The empirical spectra of L=1 light baryons and mesons show no significant spin-orbit splittings. A scalar confining interaction implies a spin-orbit force due to Thomas precession, which should be cancelled by another spin-orbit force in both baryons and in mesons. Such an additional spinorbit force is supplied by a strong one-gluon exchange interaction, while within the GBE model for baryons there is no source to counterbalance the Thomas term.
This argument is based on the naive extrapolation of heavy quark physics into a light quark sector. In the heavy quark systems, like charmonium or bottomonium, the most important dynamics is indeed due to the string-like confining force at large distances and a small perturbative gluon exchange correction at short ones. In this case a heavy quark practically constantly "sits" on the end of the string because a quantum-mechanical fluctuations of this quark into other one plus quark-antiquark pair (meson) are suppressed by the factor 1/M 2 Q and vanish in the heavy quark limit. This suppression factor comes from the meson propagator.
A relativistic rotation of the string implies the Thomas precession, which is a pure kinematical effect related to successive Lorentz transformations. This Thomas precession gives rise to a spin-orbit interaction. Note that for this effect to be operative it is necessary to have the same particle on the end of the string at the successive moments t 1 , t 2 and t 3 . For the heavy quark this condition is indeed approximately Because in the present case there is no big gap between the negative energy levels of the Dirac sea and the positive energy of the valence quarks, this process is intensive.
This implies that at the successive moments t 1 , t 2 and t 3 one has predominantly different quarks on the end of the string, though with exactly the same color. If quarks are different, the Thomas precession cannot be applied. In addition the spin of the quark within a loop is predominantly polarized just in opposite direction compared to the moment t 1 as the pion-quark vertex is of spin-flip nature [12] . Thus, while within a loop, the spin-orbit Thomas term is of opposite sign compared to that beyond the loop 3 . This qualitative discussion suggests that the Thomas spin-orbit force should be strongly suppressed in the light quark systems, both in mesons and baryons 4 .
If so, the spin-orbit force from the OGE which should be very strong as it is fixed 3 One may speculate whether the loop fluctuation also affects the spin-spin force from the GBE between different quarks. The pion-quark vertex is of spin-and isospin-flip nature which means that the loop contributions to the one pion exchange, where exchanged pion is attached to quark within a loop, produces the same operator − τ i · τ j σ i · σ j as one pion exchange without loop. 4 A detailed formal extension of this qualitative discussion will be published elsewhere.
by large N − ∆ and π − ρ splittings within the OGE model completely destroys both baryon and meson spectra as it supplies splittings of hundreds MeV.
In fact there does appear spin-orbit forces in the GBE model from the second iteration of the interaction [2, 14, 15] , which correspond to spin-orbit force from vectorand scalar-meson exchanges. Different meson exchanges provide the spin-orbit force with opposite signs in baryons [14, 15] , which suggests that the net spin-orbit force should not be large, which is compatible with the small 10-50 MeV LS-splittings observed in L=1 light and strange baryons. This mixing above is provided by the tensor force component of the quark-quark force and crucially depends on its sign, while the masses of baryons are not strongly sensitive to this tensor force. Within the GBE picture there are two sources for tensor force: pion-like exchange and rho-like exchange mechanisms. Both of these exchanges supply a spin-spin force with the same sign, while their tensor force components have just opposite one [14] . This implies that the net tensor force should be rather weak compared to the strong spin-spin force, in agreement with phenomenology. In ref. [2] only a π-exchange tensor force was used for an estimate. Its strength has not been correlated with the strength of the spin-spin force, which is fixed by the hyperfine splittings. As soon as the corresponding ρ-exchange tensor force is added, the mixing becomes qualitatively different. The flavor dependent tensor force component of the two-pion exchange interaction is, in the range relevant for the baryon wave functions stronger than that of the one-pion exchange interaction [15] , and therefore the net tensor force, while weak, does have the sign opposite to that of pion exchange. The sign is then that, which is favored by the empirical mixing of the negative parity multiplets.
This is perfectly consistent with the recent careful 1/N c analysis of both masses and mixing angles of L=1 nonstrange baryons [13] . The result of this work can be shortly summarized as follows: both masses and mixing angles extracted from the strong and electromagnetic decays are compatible with the idea that the effective quark-quark interaction is of GBE type, while they are not compatible with the flavor independent gluon exchange hyperfine interaction. This question has been addressed in detail recently [21] . I will briefly summarize here the main conclusions. One needs a nonperturbative gluonic interaction between quarks in QCD to provide chiral symmetry breaking. A good candidate is the instanton-induced 't Hooft interaction [17, 11] . When this nonperturbative gluonic interaction breaks chiral symmetry, i.e. generates at low momenta the constituent mass m of quarks, it also automatically supplies a strong attractive interaction in the pseudoscalar-isovector quark-antiquark system -pions -which makes them anomalously light, with zero mass in the chiral limit. This is how the pions appear as the Nambu-Goldstone bosons of the spontaneously broken chiral symmetry. This mechanism is well illustrated by the Nambu and Jona-Lasinio model [18] . While there is a strong attractive interaction in the pseudoscalar-isovector quark-antiquark system, the interaction is absent to leading order in vector mesons, which means that masses of vector mesons should be approximately 2m, which is well satisfied empirically,
The implication is that the π − ρ mass splitting is not due to the perturbative color-magnetic interaction between spins of constituent quarks in π and ρ, but entirely due to the fact that the QCD Lagrangian posseses a chiral symmetry which is dynamically broken in the QCD vacuum. Note that the 't Hooft interaction also naturally solves the U (1) A problem, explaining thus why η ′ is heavy, contrary to π. This problem cannot be solved by the OGE interaction as a matter of principle.
When this nonperturbative gluonic interaction between quarks is iterated in thet-channel in baryons, it inevitably leads to poles which correspond to a GBE interaction in quark-quark pairs, see Fig. 2 . Thus the GBE interaction in baryons is in fact an effective representation of the t-channel ladders, which strongly reinforce a bare gluonic vertex at low-momentum transfer in the GBE channel. This suggests that the origin of the hyperfine splittings in both the low-lying mesons and baryons is intrinsically the same -it is the nonperturbative gluonic interaction between quarks which is responsible for chiral symmetry breaking in QCD -which, however, reveals itself differently in mesons and baryons.
In Fig. 2 of his paper Isgur shows an evolution of the hyperfine splittings in mesons starting from the heavy quarkonium to π − ρ mass splitting, arguing that it supports "a smooth evolution of the wave function ... convoluted with the predicted 1/m 2 Q strength of the OGE hyperfine interaction". This figure is misleading. One obvious example is that OGE cannot explain why the pion is very light, but η ′ is heavy (U (1) A problem) , or, in other words, why π − ρ mass splitting is big but η ′ − φ, ω mass splitting is small. The instanton-induced 't Hooft interaction very naturally solves all these problems [19] .
The The error in this argument is the following. These annihilation graphs do contribute in the pseudoscalar mesons and provide the solution of the π − η − η ′ puzzle, if one assumes that the instanton -induced 't Hooft interaction is the most important one.
However, there are no such graphs from 't Hooft interaction in vector mesons [19] . It 5 The transition from the B − B * and D − D * systems to K − K * and π − ρ is dubious one as in the former case the system is indeed heavy-light, while in the latter it is light-light.
is this pecuilarity which explains the completely different mixing of singlet and octet components in the pseudoscalar and vector mesons, which is unnatural in the former case and natural in the latter one [19] . As explained in the beginning of this section the GBE interaction in the quark -quark systems (to be contrasted to the quarkantiquark ones) is a result of the t-channel iterations of the same (like in mesons) bare 't Hooft vertex.
"The Connection to Heavy Quark Baryons is Lost"
Here Isgur again uses the Fig. 3 for argumentation.
While it is correct that around the heavy quark limit the OGE mechanism is indeed important for small hyperfine splittings, the light quark limit (chiral limit) is just opposite one in QCD and implies completely different dynamics, inherent in QCD.
There are no doubts that it is a chiral dynamics, i.e. dynamics of massless quarks in external gluonic fields which becomes the most important phenomenon in this case.
As I explained in the previous section no real conclusion can be obtained from his these figures which ignore obvious and well known empirical data, see previous section.
What then the dynamics is, which is responsible for the heavy -light systems is an open question and it cannot be excluded that in the present case both chiral dynamics and perturbative QCD corrections are equally important.
Returning then to the question of the splitting of the Λ(1405) − Λ(1520) multiplet and its charm analog Λ c (2954) − Λ c (2627) there is no objection to their dynamical similarity, which suggests that the Λ(1405) should have a large QQQ component. As explained in the section 3, it does not contradict the idea that there is an appreciable higher Fock component QQQK, which provides an anomalously large Λ(1405) − Λ(1520) splitting. The other possibility, that there exists some spin-orbit force, which is specific to the flavor -singlet state only is also not ruled out, while it is clear that OGE, which is flavor independent, cannot provide such a spin-orbit force.
Conclusions
In "Conclusions" Isgur raises a few conceptional objections. The first one is about a double-counting problem since a theory which uses both constituent quarks and Goldstone bosons has "both fundamental Goldstone bosons and quark-antiquark bound state Goldstone bosons". This objection is obviously based on misunderstanding of the low-energy effective theory. There is no fundamental Goldstone boson field in QCD. The pion as a Goldstone boson is of course a system of quarks and antiquarks and has entirely dynamical origin [18] . It arises naturally as a deeply bound state from the corresponding microscopical quark-gluon nonperturbative interaction in QCD, e.g. the instantoninduced one. When one applies the same Lagrangian in baryons and iterates it in thet-channel, one arrives at the pole contribution which corresponds to GBE between quarks in baryons [21] . This is a simple consequence of crossing symmetry: if one obtains pion as a solution of the Bethe-Salpeter equation in the quark -antiquark schannel, then one inevitably obtains a pion -exchange in the quark -quark systems as a result of iterations in thet-channel. There is no fundamental pion-exchange between quarks as there is no fundamental pion field in QCD. The pion exchange is not more than an effective representation of the t-channel ladders in the low-energy and low-momentum regime where these ladders become important.
The second problem "is that it is not legitimate to treat the quark-Goldstone boson vertex as pointlike". In fact that was never suggested and instead it has been insisted, in all papers, that the finite size of both constituent quarks and pions provides a smearing of the otherwise contact short-range spin-spin quark-quark force.
The third objection that "there is no obvious rationale for truncating the tower of meson exchanges ..." was addressed in the section 3. Obviously all mesons should
contribute. An important issue, however, is that the spin-spin force from π, ρ or a 1 meson exchanges in quark-quark system has exactly the same flavor-spin structure and sign at short range, which is crucial for baryon spectroscopy, so they only enhance the effect of each other, while the tensor and spin-orbit forces from different meson exchanges interfere destructively in baryons [14] , which explains a significant spinspin force and at the same time rather weak net tensor and spin-orbit forces, which is suggested by empirical baryon spectra. Nevertheless, the importance of different meson exchanges is different and is determined by the position of the corresponding pole at the time-like momenta in the quark-quark system. The closer a pole to the space-like region, which determines the quark-quark interaction, the more important the given meson exchange is. The pion pole is located just at the origin of the spacelike axis and thus strongly influences the quark-quark interaction in baryons in the regime where momentum transfer is not large.
Summarizing the discussion here, the idea of the GBE model in baryons is not that there is no perturbative gluon exchange in QCD and, in particular in light baryons and mesons, but that such contributions cannot be significant in the latter case for the low-energy observables such are masses, where physics is driven by the nonperturbative phenomena and among them the crucially important are dynamical chiral symmetry breaking and confinement.
